Inflammasomes are supramolecular signaling platforms integral to innate immune defense against invading pathogens. The NOD-like receptor (NLR) family apoptosis inhibitory protein (NAIP)⅐NLR family caspase-recruiting domain (CARD) domain-containing 4 (NLRC4) inflammasome recognizes intracellular bacteria and induces the polymerization of the caspase-1 protease, which in turn executes maturation of interleukin-1␤ (IL-1␤) and pyroptosis. Several high-resolution structures of the fully assembled NAIP⅐NLRC4 complex are available, but these structures do not resolve the architecture of the CARD filament in atomic detail. Here, we present the cryo-EM structure of the filament assembled by the CARD of human NLRC4 (NLRC4 CARD ) at 3.4 Å resolution. The structure revealed that the helical architecture of the NLRC4 CARD filament is essentially identical to that of the downstream filament assembled by the CARD of caspase-1 (casp1 CARD ), but deviates from the split washer-like assembly of the NAIP⅐NLRC4 oligomer. Our results suggest that architectural complementarity is a major driver for the recognition between upstream and downstream CARD assemblies in inflammasomes. Furthermore, a Monte Carlo simulation of the NLRC4 CARD filament assembly rationalized why an (un)decameric NLRC4 oligomer is optimal for assembling the helical base of the NLRC4 CARD filament. Together, our results explain how symmetric and asymmetric supramolecular assemblies enable high-fidelity signaling in inflammasomes.
Inflammasomes are supramolecular signaling platforms integral to the metazoan innate immune system (1) . The outcome of inflammasome pathways is the activation of the caspase-1 protease, which executes two key innate immune processes (1) . First, caspase-1 cleaves pro-IL-1␤ into mature IL-1␤ (2) , and second, the protease activates pore-forming gasdermin-D, which provides the secretory channel to IL-1␤ and also promotes pyroptosis (3) . Inflammasomes are essential for host defense against pathogen invasion (e.g. HIV, Herpesviridae, Listeria monocytogene, and Francisella tularemia) (4 -8) . Moreover, they are implicated in regulating various human maladies (e.g. rheumatoid arthritis and systemic lupus erythematosus (9, 10) , sepsis (11) , metabolic disorders (12, 13) , and various types of cancer (14, 15) ).
The vast majority of inflammasome receptors such as AIM2 and NLRP3 signal through ASC (Fig. 1A, left) ; AIM2, absent in melanoma 2; NLRP3, nucleotide-binding oligomerization domain (NOD)-like receptor (NLR) containing pyrin-domain (PYD) 3; ASC, apoptosis-associated speck-forming protein containing CARD (1) . That is, incoming signals induce oligomerization of upstream receptors, resulting in filament assembly of their PYDs (16) . Upstream PYD filaments then nucleate the polymerization of ASC PYD (PYD of ASC), dramatically accelerating the assembly of the downstream filament (16, 17) ). The ASC PYD filament in turn promotes the filament assembly of its CARD (ASC CARD ) (16, 18) , which then nucleates the filament assembly of the CARD of caspase-1 (casp1 CARD ). This final polymerization step activates the protease via proximityinduced dimerization and auto-proteolysis (1, 16, 18) . However, not all inflammasome receptors require ASC to activate caspase-1. Most notably, the NAIP-NLRC4 signaling axis represents a unique ASC-independent pathway (19) (Fig. 1, A and B, NAIP, NLRC4). For instance, NAIP directly recognizes bacterial rod proteins such as PrgJ and FliC, subsequently undergoing a conformational change from a closed inactive state to an active open state (20 -24) . Activated NAIP then nucleates the oligomerization of NLRC4, resulting in a split washer-like structure composed of 10 to 11 NLRC4 subunits (20 -24) (Fig.  1, A and B) . This oligomerization allows NLRC4 CARD to cluster into a helical filament at the center, providing a scaffold for the assembly of casp1 CARD filament (23, 24) without requiring ASC (19) (Fig. 1, A and B) . 
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Currently, multiple near-atomic resolution structures of the fully assembled NAIP⅐NLRC4 complex are available (21) (22) (23) (24) . However, these structures either omit or fail to resolve the architecture of the CARD filament in atomic detail. Such a gap in knowledge leaves two key questions unanswered in understanding the mechanisms by which the NAIP⅐NLRC4 inflammasome operates: What is the structural framework that allows NLRC4 to recognize caspase-1, and why is the split washer-like assembly composed of 10 to 11 NLRC4 subunits necessary to assemble the CARD filament?
Here, we present the cryo-EM structure of NLRC4 CARD filament at 3.4 Å resolution, which is a 1-start, left-handed helix with 3.6 subunits per helical turn. The overall architecture of the NLRC4 CARD filament is remarkably similar to that of the casp1 CARD filament (18) , indicating that the CARD⅐CARD interaction between upstream NLRC4 and downstream caspase-1 is based on congruent helical assemblies. Side-chains that mediate filament assembly are also similar between casp1 CARD and NLRC4 CARD , indicating that conserved interactions underpin the assembly of homologous suprastructures. A Monte Carlo simulation of the CARD filament assembly suggests that the (un)decameric assembly of the NLRC4 oligomer maximizes the probability of assembling the helical base of the NLRC4 CARD filament, which provides the cognate signaling interface for caspase-1. Together, our studies provide insights into how symmetric and asymmetric supramolecular structures might maximize the signal efficiency and fidelity in inflammasome pathways.
Results

Preparation of the NLRC4 CARD filament for structural studies
NAIP and NLRC4 co-assemble into a split washer-like structure in which NLRC4 CARD clusters into a helical filament in the middle (21-24) ( Fig. 1B) . To understand the architectural organization of the NLRC4 CARD filament, we generated C-terminally His 6 -tagged NLRC4 CARD . The size-exclusion chromatography (SEC) 4 profile during purification indicated that this construct behaves as multiple oligomeric species (Fig. S1A ). Moreover, negative stain EM (nsEM) imaging revealed that NRLC4 CARD self-assembles into filaments (Fig. 1C ). Our results support the notion that monomeric NLRC4 assumes a closed conformation to suppress the self-polymerization activity of its CARD (20) . Nevertheless, this construct was not conducive to structural studies, as the filaments were prone to aggregation and bundling ( Fig. 1C) .
While screening for a more suitable sample for structural studies, we found an NLRC4 CARD construct with an N-terminal maltose-binding protein (MBP) and a C-terminal enhanced green fluorescence protein (eGFP) to be an ideal candidate for structural determination (Fig. 1D, top) . For instance, the resulting protein purified mostly as a monomer with some oligomeric fraction (likely a dimer) ( Fig. 1D ). Under nsEM, the sample showed nonfilamentous oligomers, and cleaving MBP using the tobacco etch virus protease (TEVp) induced filament assembly ( Fig. 1E ). Importantly, it appeared that the presence of C-terminal eGFP greatly reduced the aggregation of NLRC4 CARD filaments ( Fig. 1 , C versus E). These observations indicated that using N-and C-terminal protein tags helps control the oligomerization activity of NLRC4 CARD , resulting in a suitable sample for cryo-EM reconstruction.
Cryo-EM reconstruction of the NLRC4 CARD filament
To determine the architecture of the NLRC4 CARD filament, we collected the cryo-EM images of NLRC4 CARD -eGFP filaments ( Fig. 2A ). The average power spectrum of the 384pixel-long overlapping filament segments showed that the NLRC4 CARD filament displays a one-start helical symmetry of 100.6°rotation (3.6 subunit per helical turn) and an axial rise of 5.0 Å (Fig. 2B ). The ϳ3.4 Å resolution of the reconstruction allowed for an unambiguous determination of the hand of the structure. The reconstruction showed that the one-start helix must be left-handed, as this yielded clearly right-handed ␣-helices. The alternative reconstruction, assuming that the one-start helix is right-handed, yielded left-handed ␣-helices, which would be impossible for a protein. (Fig. 2D ). Of note, these parameters are remarkably consistent with other CARD filaments such as casp1 CARD (100.21°and 5.1 Å) (18), MAVS CARD (mitochondria antiviral signaling protein; 101.1°and 5.13Å) (25) , and BCL10 CARD (B-cell lymphoma 10; 100.8°and 5.1 Å) (26) filaments. Our observations not only highlight the shared Assembly mechanism of the NLRC4 CARD filament assembly theme among CARD suprastructures but also indicate that our reconstruction represents a biologically relevant assembly. The resolution of the final model was 3.4 Å according to the gold standard method ( Fig. 2C and Fig. S1B ). The highresolution map then allowed us to model in most bulky and aliphatic side-chains ( Fig. 2D ). Of note, the C-terminal eGFP was not visible in our reconstruction, indicating that the tag is flexibly attached to the filament and does not prevent polymerization ( Fig. 2D ). The final model showed that four NLRC4 CARD protomers constitute the base of the filament (i.e. 3.6 subunits per helical turn) ( Fig. 2E ). The diameter of the outer rim is about 70 Å and that of the inner cavity is about 15 Å ( Fig. 2E ).
As seen from other CARD filaments (18, 25, 26) , our structure showed that each NLRC4 CARD subunit contributes six unique surfaces to filament assembly, resulting in three distinct interfaces (Fig. 3A) . Examining each interface of the filament indicated that the type 1a:1b interface is largely mediated by salt bridges and polar interactions ( Fig. 3B ). On the other hand, the type 2a:2b and 3a:3b interfaces are mediated by both polar and hydrophobic interactions ( Fig. 3B ). Aligning the NLRC4 CARD filament to the casp1 CARD filament revealed remarkable structural similarity between the upstream and downstream assemblies with all subunits placed in nearly identical positions along the helical axis ( Fig. 3C ). Such near perfect architectural complementarity supports the notion that upstream oligomers provide templates for assembling downstream oligomers in signaling supramolecular structures (25, 27, 28) .
Conserved side-chain interactions underpin the assembly of homologous filaments
Each NLRC4 CARD subunit makes the three unique interactions in the filament (Fig. 3 , A-C), using the same interface pairs as in the casp1 CARD filament (18) . Moreover, we noted that the interface residues are similar between the upstream and downstream proteins ( Fig. 3D ). To determine the energetic con- Assembly mechanism of the NLRC4 CARD filament tribution of NLRC4 CARD side-chains in assembly, we mutated several conserved and unconserved side-chains on each of three unique interfaces and tested whether they compromise the filament assembly of NLRC4 CARD -eGFP in vitro and also in cells ( Fig.  4 ; see also Fig. 3 , C and D, for their positions). All NLRC4 CARD mutants purified predominantly as monomers ( Fig. 4A ) and did not show any significant oligomers under nsEM ( Fig. S1C ). Upon cleaving MBP via TEVp, most mutants did not produce filaments (only P79R showed filaments, but much less than WT) ( Fig. 4B ). These observations indicated that mutations compromised the oligomerization activity of NLRC4 CARD . To establish the physiological relevance of our in vitro studies, we also transfected WT and mutant NLRC4 CARD -eGFP into HEK293T cells and monitored the filament assembly via confocal microscopy. WT NLRC4 CARD -eGFP showed filaments in cells ( Fig. 4, C and D) . No filaments were observed from R52E and D25R, and significantly fewer filaments were detected from the rest of the mutants (Figs. 4, C and D) . Overall, our in vitro and cell-based experiments consistently agree with our reconstruction, and also suggest that conserved side-chain interactions in CARD filaments underpin their common helical architecture.
Asymmetric assembly between the NLRC4 CARD filament and NAIP⅐NLRC4 oligomer
The congruent architecture between the NLRC4 CARD filament and the casp1 CARD filament is expected, as such structural complementarity along the helical axis would facilitate recog-nition between upstream and downstream supramolecular structures (25, 27, 28) . For instance, the casp1 CARD filament would assemble from either end of the NLRC4 CARD filament following the same helical trajectory (3.6 subunit per helical turn, ϳ4 subunits at the base of both filaments) ( Fig. 2E ). However, it is not clear why NAIP and NLRC4 co-assemble into an 11-to 12-membered split washer-like structure (20 -24) to assemble a filament that entails a tetrameric signaling interface (Figs. 1B and 2E). Also of note, the helical symmetry of the NLRC4 CARD filament (left-handed helix) is different from the rest of the assembly (mostly right-handed helix) (23, 24) . On the other hand, it is noteworthy that a CARD tetramer resulting from the dimerization of retinoic acid-inducible gene-I (RIG-I) is sufficient to induce the polymerization of downstream MAVS (each RIG-I contains two CARDs in tandem, RIG-I 2CARD ) (25, 29) . Thus, in principle, tetramerization of upstream receptor with a single CARD should be sufficient for assembling a signal-competent complex, yet NLRC4 assembles into an (un)decamer (20 -24) .
In other inflammasomes that signal through ASC, the recognition between upstream and downstream PYD filaments is also based on their congruent architecture (16, 28) . For instance, the filaments assembled by the PYDs of AIM2 and ASC (AIM2 PYD and ASC PYD ) display the same helical symmetry (e.g. 6 subunits at the helical base with C3 symmetry) (16, 28) . Using Monte Carlo simulation, we previously demonstrated that dsDNA length, akin to the number of bound AIM2 Figure 3 . Deciphering NLRC4 CARD side-chains that mediate three unique filament interfaces. A, a cartoon representation of three unique filament interfaces and "type" of participating surfaces per subunit. B, side-chains that mediate each unique protein-protein interactions around each filament interface are shown as a stick configuration. C, an overlay of the NLRC4 CARD and casp1 CARD (PDB ID: 5FNA) filaments. The root mean square deviation of aligned chain A is 1.2 Å. The hexagon representing a NLRC4 CARD subunit is shown with six unique protein-protein interaction surfaces following the convention used in Ref. 18 . D, an amino acid sequence alignment of NLRC4 CARD and casp1 CARD . Side-chains that participate in each filament interface is indicated. Boxed side-chains indicate those we mutated, and equivalent caspase-1 residues are also boxed with the same color. Asn-34 (N) and Pro-70 (P) are unique to NLRC4 (colored in light orange).
Assembly mechanism of the NLRC4 CARD filament molecules per duplex, regulates the probability of assembling the hexameric base of the AIM2 PYD filament (17) . A key phenotype of this assembly mechanism is that both self-assembly and signaling activity of AIM2 nonlinearly increase with the length of dsDNA up to where it would provide the maximal probability for assembling the hexameric base (Ͼ200 bp, ϳ20 AIM2 molecules per duplex) (17, 28, 30) . Unlike the AIM2 PYD ⅐ASC PYD complex, the recognition between the NLRC4 CARD ⅐casp1 CARD complex occurs via a tetrameric interface (Fig. 2E, top and bottom views) . We thus hypothesized that a possible reason why NLRC4 assembles into an (un)decamer is to maximize the probability of assembling the tetrameric base of its CARD filament. Of note, the linker between the CARD and the rest of NLRC4 will introduce some degree of freedom even when the CARDs are placed in proximity (ϳ12 amino acids). Moreover, each CARD has six protein-protein interaction surfaces instead of one or two well-defined tetrameric interfaces. Thus, simple tetramerization of NLRC4 might not be sufficient to arrange the CARDs in a correct architecture.
To test our hypothesis, we conducted a Monte Carlo simulation that determines the probability of contiguously posi-tioning four CARD protomers on a filament with a tetrameric base (Fig. 5A ). First, we created a butterflied view of an empty shell that represented the NLRC4 CARD filament (each side was still connected in the simulation). We then randomly placed NLRC4 CARD protomers to fill the shell, with the stipulation that subsequent protomers must contact existing ones via one of the six protein-protein interaction surfaces. We then monitored the number of protomers required to contiguously fill two, three, and four lateral positions along the helical axis. Here, our simulation results suggested that there was only 5% chance for creating the intact tetrameric base with four available protomers, and the probabilities of aligning two and three protomers along the helical axis were 100 and 50%, respectively (Fig. 5B) . By contrast, with 11 available protomers, the probability of filling the four lateral positions (i.e. creating a tetrameric interface) was nearly 90%. These results explain why simple tetramerization of NLRC4 might not be sufficient to assemble its CARD filament. Moreover, our simulation results provide a rationale for why an oligomer composed of 10 to 11 NLRC4 molecules can be ideal for generating a cognate signaling interface for downstream caspase-1. 
Assembly mechanism of the NLRC4 CARD filament
Discussion
Inflammasomes are essential for host innate defense against pathogen infection, and are also implicated in cancer formation and auto-inflammatory responses (1, 10, 12) . The NAIP⅐NLRC4 complex represents a unique axis in inflammasome pathways as it directly signals through caspase-1 without ASC. Although there are multiple high-resolution structures of the NAIP⅐NLRC4 complex, that of the CARD oligomer has been absent. Here, we provide the cryo-EM structure of the NLRC4 CARD filament at 3.4 Å resolution, providing the last missing high-resolution piece of the holo-complex. Of note, while our study was under review, Li et al. (31) reported a cryo-EM structure of the NLRC4 CARD filament at 3.6 Å resolution. Our reconstruction and that of Li et al. are essentially identical with the same helical parameters (root mean square deviation ϭ 0.6 Å; rise, 5 Å versus 4.9 Å; rotation, 100.6°versus 100.5°), further supporting the biological relevance of the present study (31) . Combined, here we address two key issues in understanding the signaling mechanisms of inflammasomes: What is the structural framework for the recognition between NLRC4 and caspase-1 and, why is the split washer-like assem-bly composed of 10 to 11 NLRC4 subunits necessary to assemble the CARD filament?
The structural framework for the signal transduction of the NAIP⅐NLRC4 inflammasome
A unique aspect of inflammasome pathways is that signal is transduced by the sequential assembly of filamentous oligomers, instead of more ubiquitously found enzyme-mediated chemical reactions (16, 27) . In enzymatic cascades, a specific motif at the target/active site or a remote docking site allows the recognition between upstream and downstream signaling partners (32) (33) (34) . Whether the recognition occurs via the active sites or exo-sites, local structural complementarity is critical for distinguishing cognate partners from others (i.e. lock and key) (32) (33) (34) . It has become increasingly apparent that shape complementarity is also important for signal transduction by supramolecular platforms, only at a larger scale (16, (25) (26) (27) (28) 35) . For instance, we reported previously that the helical architecture of the upstream AIM2 PYD filament is consistent with that of the downstream ASC PYD filament (28) . Moreover, the helical architecture of the upstream RIG-I 2CARD tetramer is also identical to that of the downstream MAVS CARD filament (25) , and such a shape complementarity is also evident in the assembly of PIDDosome (p53-induced protein containing death domain) (35) . Our cryo-EM structure of NLRC4 CARD further underscores that architectural complementarity underpins the recognition between supramolecular signaling platforms.
Despite the large divergence in primary sequences (e.g. Fig.  3D ), the NLRC4 CARD filament shares the common helical architecture with all other known CARD filaments: ϳ4 subunits per helical turn, left-handed one-start helix with ϳ100 Ϯ 0.1°twist and 5.0 Ϯ 0.1 Å rise (18, 25, 26) . Moreover, all CARDs share very high structural similarity (e.g. Fig. 3C ), the same six interfaces are utilized in the same manner in the filament assembly, and each subunit does not undergo any significant conformational change upon oligomerization (18, 25, 26) . Additionally, it appears that similar side-chain interactions are utilized in each interface ( Fig. 3D) (18, 25, 26) . Nevertheless, these filaments do not cross-interact and exclusively signal through their cognate partners (18, (25) (26) (27) . Future studies will illuminate how homologous filaments recognize and distinguish their cognate and noncognate signaling partners.
(Un)decamerization of NLRC4 and signal funneling by assembly
In inflammasomes that employ the ASC hub, upstream receptors can assemble into infinitely long filaments (e.g. AIM2) (16, 28) . However, the signal transmission occurs along the helical axis between upstream and downstream assemblies (i.e. perpendicular filament base to the helical axis) (16, 28) . Previously, we found that dsDNA long enough to accommodate at least 20 AIM2 molecules maximizes the probability of assembling the hexameric filament base ideal for the recognition of ASC (17) . Here, our structure shows that even though NLRC4 assembles into an (un)decamer, the signal transduction to caspase-1 occurs via a tetrameric interface between two CARD filaments. Of note, our Monte Carlo simulation suggests that the assembly of the tetrameric base can be maximized by 10 Assembly mechanism of the NLRC4 CARD filament or more proximal protomers. Our results provide an explanation for why the (un)decamerization of NLRC4 would be ideal for signal propagation. On the other hand, the final step in all inflammasome pathways is the dimerization of caspase-1 (1, 18) , again requiring a lower-order oligomeric signaling interface than the tetrameric interface between CARD filaments. Thus, it appears that the oligomeric states required to carry out each signaling step progressively decrease in inflammasome cascades. Together, considering that kinetic and thermodynamic barriers would be greater for assembling higher-order suprastructures than lower-order assemblies, it is tempting to speculate that such a strategy would allow inflammasomes to maximize their signaling fidelity and efficiency in a funnel-like manner (Fig. 5C ).
Experimental procedures
Protein expression and purification
WT and mutant human NLRC4 CARD constructs (amino acids 1-96) were cloned into either unmodified pET21b vector or a pET21b containing an N-terminal MBP followed by a recognition site for the TEVp and C-terminal eGFP. Resulting NLRC4 CARD constructs were transformed into Escherichia coli BL21 Rosetta2 DE3 cells and protein expression was induced using 200 M isopropyl 1-thio-␤-D-galactopyranoside at 18°C for 16 -18 h. The cells were lysed by sonication in 25 mM NaPO 4 , 400 mM NaCl, 40 mM imidazole, and 8 mM ␤-mercaptoethanol at pH 8. NLRC4 CARD constructs were then purified by nickel-nitrilotriacetic acid chromatography via a C-terminal His 6 -tag followed by SEC. Proteins were stored in 20 mM HEPES at pH 7.4, 400 mM NaCl, 10% glycerol, 1 mM EDTA, and 1 mM DTT and frozen at Ϫ80°C.
Negative stain EM
Samples were diluted to 750 nM into a buffer containing 40 mM HEPES, 160 mM NaCl, 1 mM EDTA, 5 mM DTT, at pH 7. To induce polymerization, 3 M TEVp was added to each sample and incubated for 1.5 h at room temperature (24 Ϯ 2°C). nsEM imaging experiments were performed using glow-discharged carbon-coated copper grids and 0.75% uranyl formate staining solution as described previously (17, 28) .
Cryo-EM sample preparation
5 l sample was applied to Lacey grids, followed by automatically blotting for 1.5 s and plunge freezing using the FEI Vitrobot Mark IV operated at 100% humidity and room temperature (Johns Hopkins University). Cryo-EM data were collected at the National Cancer Institute National cryo-EM facility (NCI NCEF, Frederick, MD) using the FEI Titan equipped with the Gatan K2 direct electron detector operating at 300 keV using the super-resolution mode (0.66 Å/pixel). A total of 1,690 micrographs were collected from one grid at a defocus range from Ϫ1.0 to Ϫ2.5 m. Each micrograph was equally fractioned into 40 frames with a total exposure time of 15 s and a total dose of ϳ40 electrons/Å 2 .
Helical reconstruction and model building
The 1,690 micrographs were binned by two sections (to 1.32 Å/pixel) and frames were aligned using MotionCor2 (36) . The defocus values and astigmatism of the micrographs were determined by CTFFIND3 for the aligned full-dose micrographs (37) . A total of 1,486 micrographs were selected (images with good contrast transfer function (CTF) determination and defocus Ͻ3 m) for subsequent image processing. CTF was corrected by multiplying the micrographs (only first 20 frames were aligned with a total dose of ϳ20 electrons/Å 2 ) with the theoretical CTF, which both corrects the phases and improves the signal-to-noise ratio. The e2helixboxer program in EMAN2 software package (38) was used for boxing long filaments from the full-dose images. The CTF-corrected micrographs were used for the segment extraction, with a total of 402,078 384-pixel-long overlapping segments (with a shift of 1.5 times of axial rise) generated. The SPIDER software package (39) was used for subsequent processing and reconstruction. Using a featureless cylinder as an initial reference, 299,537 segments were used in IHRSR program for the final reconstruction after the helical parameters (a rotation of 100.6°and an axial rise of 5.0 Å per subunit) converged. The resolution of the final reconstruction was estimated by the Fourier Shell Correlation (FSC) between two independent half maps, which shows 3.4 Å at FSC ϭ 0.143.
We used the crystal structure of a homologous protein CARD8 (PDB ID: 4IKM) (40) as an initial template to dock into the NLRC4 cryo-EM map by rigid body fitting, and then manually edited the model in Chimera (41) and Coot (42) . We then used the modified model as the starting template to further refine against the segmented cryo-EM map using RosettaCM using default values (43) . The refined monomeric model of NLRC4 was then rebuilt by RosettaCM with helical symmetry and real-space refined using Phenix (44) to improve the stereochemistry as well as the model-map correlation coefficient. The NLRC4 model was validated with MolProbity (45) and the coordinates deposited to the Protein Data Bank with the accession code 6MKS. The corresponding cryo-EM map was deposited in the EMDB with accession code EMD-9137.
Confocal microscopy
NLRC4 CARD -eGFP variants were cloned into pCMV6 vector. Plasmids were then transiently transfected into HEK293T cells using Lipofectamine (Invitrogen). Cells were fixed with 4% paraformaldehyde, permeabilized in acetone, and mounted on glass slides using ProLong Gold Antifade Mountant with DAPI (Thermo Fisher). Cells were imaged using a Zeiss Axioskop 50 with a Zeiss Axiocam HRC camera and an Axio Observer inverted microscope with LSM700 confocal module.
Monte Carlo simulation
The overall strategy is based on our previously published protocol (17) , with specific modifications for NLRC4 CARD architecture. The code has been rewritten in Rust and is available at https://gitlab.com/matyszm/pydnode-nlrc4 (commit 7f17c4db was used to generate the values present in the paper) 5 . Each point is an average of 1,000,000 runs.
